Abstract. In this paper, aircraft measurements are presented of liquid phase (ice-free) wave clouds made at temperatures greater than −5 • C that formed over Scotland, UK. The horizontal variations of the vertical velocity across wave clouds display a distinct pattern. The maximum updraughts occur at the upshear flanks of the clouds and the strong downdraughts at the downshear flanks. The cloud droplet concentrations were a couple of hundreds per cubic centimetres, and the drops generally had a mean diameter between 15-45 µm. A small proportion of the drops were drizzle. The measurements presented here and in previous recent studies suggest a different interaction of dynamics and microphysics in wave clouds from the accepted model. The results in this paper provide a case for future numerical simulation of wave cloud and the interaction between wave and cloud.
Introduction
Wave clouds are produced when air passes over obstacles such as mountains or islands in specific environmental conditions. The classical problem of small amplitude, twodimensional mountain waves can be analyzed with the Scorer parameter (Scorer, 1949) 
where N is the Brunt Väisälä frequency, U is the mean wind speed of the flow normal to the mountain, and z is the height above ground. The Scorer parameter is used to distinguish flow regimes. In the regime of large Scorer parameter (i.e., the Scorer parameter > wavelength), buoyancy force plays a more important role than horizontal advection. The time an air parcel takes to pass over the orography is greater than it takes for vertical oscillation due to atmospheric stratification. In this case, mountain waves can be supported. Although the linear theories have provided a concise and clear picture of mountain waves (e.g. Wood, 2000) , they cannot describe large-amplitude waves which are related to wave clouds. In addition, moist processes are not considered in simple theoretical studies. Cotton et al. (2010) and Lin (2007) describe the problems of classical mountain waves, such as nonlinear waves, the effect of moist processes, and threedimensionality of terrains. A number of unique wave cloud types are observed over and near mountains: cap clouds, banner clouds, lenticular clouds and lee waves clouds (Ludlam, 1980) . Wave clouds attract research in cloud microphysics for three reasons. First, the thermodynamic and kinematic conditions of wave clouds are relatively steady during their life times. Second, the ranges of temperature, humidity, and vertical velocity of wave clouds are similar to laboratorylike settings, especially for ice formation and development (e.g. Baker and Lawson, 2006) . Finally, the laboratory-like nature of wave clouds make them useful for instrument validation. For those reasons, previous wave cloud studies have focused on the ice nuclei and ice particles, particularly lenticular clouds because of the stationary feature with respect to the mountain (e.g. Cooper and Saunders, 1980; Cooper and Vali, 1981; Politovich and Vali, 1983; Twohy et al., 1997; Baumgardner and Gandrud, 1998; Jensen et al., 1998; Field et al., 2001 Field et al., , 2012 Baker and Lawson, 2006; Heymsfield et al., 2011) . Moist processes can influence flow induced by mountain waves because condensational heating and evaporative cooling can alter atmospheric stratification (Cotton et al., 2010) .
The inclusion of moist processes generally weakens the amplitude of mountain waves (Durran and Klemp, 1982) . Moreover, the interaction between mountain waves and clouds can influence the organization of clouds Kuettner et al., 1987) .
Gravity waves play an important role in cloud organisation (e.g. Kuettner et al., 1987) . and found that boundary layer eddies and cumulus clouds can excite gravity waves that propagate horizontally and vertically. The boundary layer eddies perturb the capping inversion and induce gravity waves. Cumulus clouds act as obstacles in the flow with wind shear, develop positive pressure perturbations on the upshear flanks and negative pressure perturbations on the downshear flank, and excite gravity waves. The excited gravity waves can feedback on the boundary layer eddies, causing a change in the spacing of cloud lines.
A mountain-wave cloud is defined as "a cloud that forms in the rising branches of mountain waves and occupies the crests of the waves" (Glickman, 2000) . However, in a study of the effect of moisture on mountain waves, Durran and Klemp (1982) showed that cloudy regions occurred in the wave crests (i.e., between strongest updraught and strongest downdraught) with unperturbed relative humidity RH = 90 % prior to being perturbed by the waves. The upward (downward) motion induced by the waves will increase (decrease) the real humidity such that in the wave crests the relative humidity reaches supersaturation allowing clouds to form. found that gravity waves play an important role in the vertical velocity of air surrounding the cloud. Their simulated clouds have clear air updraughts occurring both in front and overhead on the upshear side and clear downdraughts both in the rear and overhead on the downshear side. They found the persistence of the cloud root updraught in all cases in their simulations, i.e., the persistence of updraught below cloud base. The cloud roots are rather transient in structure and amplitudes in spite of the fact that the boundary layer eddies are quite persistent. They found that the waves and the eddies below cloud bases are more or less coupled to each other in the vertical but do propagate through the cloud field. Heymsfield and Miloshevich (1995) studied the influence of relative humidity and temperature on wave cloud formation and evolution using aircraft measurements. They showed that cloud occurred between the maximum updraught and maximum downdraught. The relative humidity, which was governed by homogeneous ice nucleation, attained its maximum in the middle of the cloud where the temperature was lowest.
Mountain waves and mountain wave clouds have been observed over the British Isles using very high frequency radar (Worthington, 1999) , gliders (Stromberg et al., 1989) , aircraft measurements (Brown, 1983) , radiosondes (Shutts and Broad, 1993) , and satellite (Vosper and Parker, 2002) . The observational studies have revealed the statistics of mountain wave clouds and the vertical momentum flux which is important for parameterizing gravity wave drag in numerical models. With the advances in aircraft measurements, it is possible to measure the horizontal structure of mountain wave clouds in terms of thermodynamics and microphysics such as in the T-Tex project (Grubišić et al., 2008) . The Aerosol Properties, PRocesses And Influences on the Earth's climate (APPRAISE) programme is a Natural Environment Research Council (NERC) funded UK programme aimed at investigating the science of aerosols and their effects on climate. During the APPRAISE-clouds project, aircraft flights were undertaken to measure the cloud dynamical and microphysical properties of a range of cloud types, mainly during the winter-time over the UK (e.g. Crosier et al., 2011; Westbrook and Illingworth, 2011; Crawford et al., 2012) . The UK BAe 146 Facility for Airborne Atmospheric Measurement (FAAM) aircraft, fitted with a range of state-of-the-art instruments was used to make these observations. On 27 February 2009 (flight designation B432) the aircraft flew through wave clouds over Scotland at several levels (T > −5 • C) and measured meteorological parameters (e.g. temperature, wind speeds) and cloud properties. There have been no previous reports of wave cloud observations at such high temperatures with detailed in-situ flight measurements. This paper will present the structure of wave clouds. The results of the study will provide an opportunity for numerical study of the impact of moist processes on mountain waves and wave-cloud interaction with models.
Instrumentation and flight track

Instruments
The BAe 146 aircraft was equipped with instruments to measure aerosols, microphysics of clouds, dynamics and state parameters of air. The Nevzorov LWC-TWC probe is a constant-temperature, hot-wire probe that measures the cloud liquid and total water content. The ice water content can thus be derived. The measurement accuracy of the Nevzorov probe is given as ±10-15 % (Korolev et al., 1998) . The Johnson-Williams liquid content probe measures liquid water content in clouds using a heated wire resistance bridge at a frequency of 4 Hz. Its operating range is 0-3 g m −3 and the typical overall uncertainty under normal operation is estimated at ±10 % (Strapp and Schemenauer, 1982) . The true air temperature was measured using Rosemount de-iced and non de-iced platinum-resistance immersion thermometers. Overall, for a typical clear air measurement it is estimated to be accurate to ±0.3 • C, but there are additional errors due to sensor wetting or the application of deicing heat (Lawson and Cooper, 1990; Friehe and Khelif, 1992) . The dew-point temperature is measured with the General Eastern GE 1011B Chilled Mirror Hygrometer. A typical limitation of a chilled mirror instrument is that it is often difficult to distinguish the phase of the condensate layer when the temperature is below 0 • C. The Stratton Park Engineering Company (SPEC) 2D-S-128 shadow imaging probe uses a 128 photodiode linear array to detect 2-D cloud particles passing through the sample volume. The 2D-S counts and images particles up to 1.3 mm, with a response time about 10 times faster than that of the older 2D-C (cloud) probe. Its greatly improved determination of sample volume and sizing of particles of (50 µm ≤ d ≤ 100 µm) diameter provides significantly improved measurements of particles in this important size range. The SPEC Cloud Particle Imaging (CPI) instrument (Lawson et al., 2001 ) images cloud particles with diameter d ≈ 10 µm and larger, although at small sizes (d < 50 µm) it becomes difficult to use the CPI to distinguish the ice crystal habit of small particles (d < 50 µm) unambiguously due to having insufficient pixels to determine their shape (Connolly et al., 2007) . The Droplet Measurement Technologies (DMT) Cloud Droplet Probe (CDP) is a single-particle instrument that measures the light scattered from a droplet passing through an open path laser beam. The CDP uses a diode laser, with a single mode elliptical Gaussian beam roughly 2 mm × 0.2 mm, to count and size individual water droplets in the diameter range of 3-50 µm (Lance et al., 2010) . There were no anti-shattering (Korolev) type tips on any of these probes for this flight.
The performance of Nevzorov and CDP probes have been examined (e.g. Korolev et al., 1998 , Isaac et al., 2006 Schwarzenboeck et al., 2009; Lance et al., 2010) . Korolev et al. (1998) found that the integrated collection efficiency of the Novzorov probe for the sensor of LWC varied between 0.9 and 1 without drops larger than 100 µm in diameter, but the efficiency for drops smaller than 5 µm could be as low as 0.6. Schwarzenboeck et al. (2009) further studied the response of the Nevzorov hot wire probe and found that droplets smaller than 20-30 µm partly tend to curve around the LWC sensor. Isaac et al. (2006) pointed out that the Nevzorov total water probe and other similar hot-wire sensors provided underestimates possibly liquid water content in the presence of large drops. Korolev et al. (1998) estimated an absolute accuracy of the Nevzorov LWC probe as 10-15 % for liquid droplets in the size interval 10-50 µm. Lance et al. (2010) used the glass bead and polystyrene latex spheres for calibration. They found that the CDP oversized droplets smaller than 20 µm and a better agreement was achieved with a 2 µm offset.
Atmospheric conditions and flight pattern
There was a ridge of high pressure over the UK on 27 February 2009 and the flow was westerly over Scotland. Wave clouds were observed in satellite images over Northern Ireland and Scotland on 27 February 2009 (Fig. 1) . The vertical profiles of potential temperature and wind speed obtained using the BAe 146 are shown in Fig. 2 . The data are presented in Table 1 . There was an inversion layer at z ≈ 1.8 km. The layer between z = 1.6 km and z = 1.8 km was close to neutral stability, and winds were variable. The wind speed increased with height within the inversion layer and gradually for about another 400 m above the layer. There were maxima at z ≈ 2250 m in u and v components (of about 15 and 8 m s −1 , respectively). The measurements of the wave clouds took place between the region southwest of the Grampian Mountains and the Central Lowlands. The topography in the measurement region is varied including mountains or hills, and lochs. The highest mountains was above 1000 m and these features perturbed the south-westerly flow and excited mountain waves in the stable layer. These conditions favour the formation of cloud bands over the UK (Weston, 1980) . The aircraft flew in the wave clouds over Scotland at several levels. The first run was towards the east at z ≈ 1.65 km above sea level (a.s.l.). Subsequent runs were carried out after a turn and a short profile ascent (see Fig. 3 ). The aircraft penetrated the wave clouds during Runs 1-4. In Runs 5 and 6, the aircraft encountered small lenticular capping clouds formed above the crest of the wave clouds below. Run 7, at z ≈ 2.6 km, was in clear air above the clouds. The temperature range in Runs 1-6 was between 4.4 and −4.4 • C. 
Structure of wave clouds
The first run was at z ≈ 1.65 km ASL towards the east. Three clouds were penetrated and these are labelled C1, C2 and C3 in Fig. 4 . After C3, the aircraft gently climbed 200 feet because of the rising terrain and continued penetrating clouds C4, C5, C6 and C7. The liquid water contents from three different onstruments are shown in Fig. 4a . The maximum values encountered in the clouds were between 0.3 and 0.8 g kg −1 . The maximum concentrations of cloud particles measured with the CDP were around 100 cm −3 (Fig. 4b) . The horizontal wind was from the south-west at this level. The vertical velocity, w, displays a distinct pattern with respect to the location of clouds. The maximum value of w was on the upshear sides of the clouds and the minimum on the downshear sides. The maxima were often measured outside of the clouds. It is clearly seen that the variations of both the vertical velocity and temperature (T ) are wave-like Fig. 6 . Integrated size distribution of cloud particles from CDP and 2D-S for clouds 2-7. The traverse of a cloud is divided equally to 8 parts in the horizontal direction. The averaged distributions in five areas are shown for each cloud. These 5 areas are: the first part (the upshear side, in red), the second and the third parts (in blue), the 4th and the 5th parts (the cloud core, in green), the 6th and 7th parts (in black), and the 8th part (the downshear side, in brown). The ranges of standard deviation are added for clouds C4-C7 for particles larger than 50 µm.
( Fig. 4c) and that T and w are not in phase. The peaks in w are generally between the peaks and troughs of T . This structure is the signature of gravity waves, which is consistent with the satellite image ( Fig. 1) and existing knowledge of the wave cloud formation mechanism (Holton, 2004) . It is noted that measurements of temperature are not accurate within cloud due to wetting effects on the sensor for clouds where T > 0 • C (e.g. Lenschow and Pennell, 1974; Heymsfield et al., 1979; Lawson and Cooper, 1990; Eastin et al., 2002) . In clouds where T < 0 • C, the deiced probe is subject to a further correction when the deicing heat is applied to the housing. The icing effect on the temperature sensor is minimal even though super-cooled water droplets exist at temperatures greater than −5 • C. However, both the CDP and CPI images suggest there were no ice particles present in these wave clouds. Even in clear air, the gravity wave features are see between C2 and C3 in Fig. 4 and before C13 in Fig. 8 .
The 2D-S data indicate that the diameters of cloud particles were all less than 180 µm, with the majority of the particles smaller than 30 µm. The concentrations of particles with 50 ≤ d ≤ 150 µm were only a few tens per litre. The cloud particle size distributions obtained from the CDP probe during Run 1 are shown in Fig. 5 . The highest droplet concentrations were observed in clouds C1-C3 where the drop diameters were generally between 15-25 µm. Larger droplet sizes (between 25-45 µm) were observed in clouds C4-C7 where the liquid water contents are higher than in C1-C3. This is illustrated by the calculated mean volume diameters. The size distributions are thus in agreement with the observed LWC and concentrations in Fig. 4 , where clouds C1-C3 have lower LWC, compared with clouds C4-C7. To clearly see the size distributions at different locations within the clouds, we have divided up each of the clouds into eight equal parts in the horizontal direction, and then grouped the eight parts into five areas for comparison. These comprise the first and the last areas (first and eighth parts) which are the upshear and downshear regions, respectively. The third area is the core region which occupies the central two (fourth and fifth) parts. The second area covers the two parts (second and third parts) between the upshear and the core regions, and the fourth area (sixth and seventh parts) is between the core and the downshear regions. In each area, the size distributions are averaged to get a mean distribution. The combined size distributions derived from both the CDP and 2D-S data analysed in this way for Run 1 are shown in Fig. 6 , which demonstrates favourable agreement in the overlap region of the size distributions. The standard deviations are large for clouds C2 and C3. The overlapping of error bars for drop sizes larger than 50 µm indicates that the differences are not significant in clouds C2 and C3. For clouds C4-C7, drop sizes were larger in the inner parts of the clouds than in the flanks. In cloud C5, the largest drops in size were found in the core and further downwind. Another feature of clouds C4-C7 is that more small droplets were found in the two sides of the clouds. For most clouds, there were more small droplets in the upshear side than in the downshear side. After a turn and a short profile ascent of 183 m to the next level, the aircraft headed back towards the west for Run 2. A series of penetrations (straight and level runs) were then carried out perpendicular to the two-dimensional crests and troughs of the waves at successively higher altitudes. These were separated by 152 m intervals up to an altitude of about 2.6 km a.s.l. In Run 2 (Fig. 7) , the vertical velocity with respect to cloud varied in a similar way in clouds C9, C10, and C11 as in clouds C2-C7 in Run 1: the maximum of the updraughts were on the upshear side of the clouds and maximum of the downdraughts were on the downshear side (see Fig. 7 ), with a gradual change from one to the other. This feature was exhibited in cloud C13 in Run 3 and all clouds in Run 4. Figure 7a and b show that cloud C12 in Run 2 was actually comprised of three separate waves with the same characteristic velocity pattern in each part, but without a clear air/cloud-free region between the downdraught and updraught. Interestingly, the reduction in the liquid water content and also in the concentration of droplets did not coincide with the vertical wind as occured in clouds C9 and C11 in this run, and several clouds in the previous run. It is noted that in cloud C12a there is a dip in the LWC with the dip in vertical velocity. Within the cloud, the vertical velocity shows signs of wave activity (Fig. 7c) . It is clear that there were gravity waves within the cloud. The wave activity within clouds was also seen in C14 in Run 3 (Fig. 8) . It is not clear what the horizontal extent of the cloud was since the eastern boundary of the cloud was beyond the run. It is also noted that waves existed in the clear air to the west of C13 and between C13 and C14 (Fig. 8) . The existence of gravity waves was also seen between C2 and C3 in Run 1 (Fig. 4) and between C15 and C16 in Run 4 (Fig. 9) . The values of LWC are generally higher with the CDP than with the Nevzorov and the Johnson-Williams probes. The discrepancy is very much likely due to the reduced collection efficiency of the Nevzorov and the Johnson-Williams probes and the over-sizing of droplets with the CDP when the equivalent diameters of the drops were dominantly smaller than 45 µm in the clouds. 
Discussion and conclusion
Observational studies have revealed the importance of gravity waves in cloud dynamics and microphysics (e.g. Heymsfield and Miloshevich, 1993; Gultepe and Starr, 1995; Haag and Kärcher, 2004; Böhme et al., 2004) . For a pure gravity wave, the solution (Lin, 2007) can be expressed as
and
where w r and w i are the real and imaginary parts ofw, respectively. A typical feature for gravity waves is a phase shift of 90 • between temperature and vertical velocity, which has been discussed in details in Lin (2007) and Holton (1992) . Figure 10 shows the ideal structure of a wave cloud. There is a phase shift between temperature and vertical velocity. The temperature decreases below the average at the point where the upward motion is strongest, reaches the lowest at the wave crest, and increases to the average where the strongest downward motion is. A vertical displacement z in watervapour-saturated air will give rise to a change in absolute humidity (Aleksandrova et al., 1992 )
where T is the average temperature, e s is the saturation vapour pressure, is the temperature-dependence parameter of the saturation vapour pressure, and γ a is the saturated adiabatic lapse rate. Equation (4) suggests an increase in humidity in the wave crest and a decrease in the wave trough. The horizontal distribution of vertical velocity across the wave clouds is different from the definition in the Glossary of Meteorology (Glickman, 2000) . We found in our study that the maxima in updraughts are on the upshear side and the strong downdraughts are on the downshear side. Apparently, most clouds in our case span approximately between the strongest updraught and strongest downdraught. The results of this paper and the previous studies (Durran and Klemp, 1982; Heymsfield and Miloshevich, 1995) suggest that a wave cloud forms between the maximum updraught and maximum downdraught in the crest of the wave (Fig. 10) .
The gaps between clouds are not uniform in our observations. Gravity waves may play their role in the organization and spacing of the wave clouds. The uneven gaps between clouds are very likely caused by the interaction between cloud and gravity wave as suggested by .
In terms of wave-cloud interaction, we did not measure wind below cloud base because of aircraft operating restrictions. Therefore, it is not possible to confirm the persistent cloud root upward eddies . However, the horizontal dimension of clouds generally decreases with height. The observations at 4 levels in Runs 1-4 demonstrate the same features in vertical velocity. This indicates that updraughts occur both in front and overhead on the upshear side and downdraughts both in the rear and overhead on the downshear side of the wave clouds.
There are some questions that need further study in the future. For example, what was the relative contribution to the gravity wave generation from topography, from convection, and from other sources? In Runs 2 and 3, waves apparently operated in clouds. It is not known how waves travelled in cloud without significant damping. The interaction between cloud and gravity waves is complex. noted that "the persistence of the cloud root updraught is quite apparent in spite of the dramatically changing overhead wave field characteristics". In order to better understand the processes, we suggest that measurements (airborne, groundbased or radar) below cloud bases should be carried out in future wave cloud study.
In conclusion, we have analyzed aircraft measurements of wave clouds. We have found that the variations of vertical velocity across wave clouds vary in a distinctive way. The updraughts have maxima on the upshear sides of the clouds and strong downdraughts on the downshear sides. We have also presented the microphysical properties of the clouds. The specific water contents are 0.3-0.8 g kg −1 . The concentrations of cloud particles (all drops) are about a couple of hundreds per cubic centimeters. Cloud particles are generally between 15-45 µm in size with only a small proportion reaching drizzle sizes.
Previous studies of wave clouds in mixed-or ice-phase have made progress in understanding the distribution of ice particles and their relationship with ice nuclei. However, it is well known that the parameterization of ice particle formation is difficult because of various freezing modes. Cloud development is much dependent to the freezing schemes (e.g. Cui et al., 2011) . Moreover, the discrepancy is large between IN concentration and ice particle concentration, particularly at temperatures greater than −10 • C (Pruppacher and Klett, 1997) . The results of ice-free wave clouds presented in this paper provide a case with less complexity and less uncertainty for future numerical simulation of wave cloud and the interaction between wave and cloud. It should be pointed out that a model should be run on a three-dimensional grid since the spectral distribution of kinetic energy in a twodimensional flow differ fundamentally from a real threedimensional turbulent flow where the square of vorticities is not obliged to be conserved (Fjortoft, 1953) .
